Effective interactions in virtual environment require acceptable level of movement quality to induce presence to its users. This study investigates the movement performances in projection based large stereoscopic displays. Fifteen self-declared right-handed individuals with normal or corrected to normal visual acuity participated in the experiment that compared the performances in stereoscopic and real environments. Participants viewed virtual objects displayed at a combination of three different parallax and nine frontal plane positions and then reached the perceived position of the targets with a direct pointing technique by holding a stick. An Optitrack system, composed six infrared cameras, used to track reflective markers attached to tips of the pointing sticks. The three-dimensional data, collected by the motion system at a rate of 120 frames per second, was used to compute the kinematics -movement time, throughput, peak velocity of reaching real/virtual objects. The velocity profile was also evaluated in order to compare the movement behaviors depicted in the stereoscopic displays with respect to that in the physical world. The result indicated that the movement in the projection based stereoscopic display was slower and needed longer confirmation time as compared to the real world equivalent. This might be because of the difficulty and inaccurate perception of distance associated with a stereoscopic viewing, as reported by a number of previous studies. However, the velocity profile did not show a significant difference between the real and stereoscopic conditions, where the trajectory was dominated by a primary movement phase with only one peak velocity. The comparable kinematics and movement behaviors in stereoscopic displays encourage the use of direct pointing that would enhance reaching and grasping tasks -which are important in applications such as rehabilitation, surgical training, and other programs that use upper limbs. In addition, the more natural interaction in pointing minimizes the effort of learning new skills to use other devices.
Introduction
Previous studies investigated movement related issues and factors that influence interactions in 2D (Thompson et al., 2007) and 3D perspective environments (Lee et al., 2013) . In Thompson et al. (2007) , they classified the speed/accuracy tradeoff factors as either effector or task related. Similarly, Lee et al. (2013) created touchless free-hand pseudo-3D environment to study the behavior of pointing and hand movements. They identified two types of movement behaviors adopted by users of natural hand movements to navigate in a 3D environment; straight line and sequential movement strategies. However, the study on pointing performance and the movement behaviors that can be described by velocity plots are missing in the stereoscopic displays literature. Among the limited number of related studies, Teather and Stuerzlinger (2011) investigated a desktop based stereo head tracked virtual environment (VE) to compare task execution of different pointing techniques based on movement time. Likewise, Piromchai et al. (2015) attempted to evaluate the prospect of using VE in surgical trainings by evaluating its performance against the reaching attainment of real world, and based on the result of movement time, they concluded that it could be used as supplement of the physical training. Furthermore, Levin et al. (2015) evaluated effect of reaching with haptic feedback, and concluded that similar movement strategy but slower and less smooth reaches in a head mounted display (HMD) based virtual environment than physical environments. Though very important, because of the recent breakthrough in virtual reality (VR) technology, performance and movement behaviors in stereoscopic displays are not sufficiently studied especially when relatively direct pointing technique was used as a means of approaching virtual objects.
In projection based stereoscopic displays, generally, distance was overestimated and underestimated respectively in negative and positive parallax (Gerd Bruder et al., 2016; G. Bruder et al., 2015) , while the smoother movement has been observed in the negative and zero parallax (C. H. J. .
In this study, an experiment was conducted to investigate the movement and associated velocity profiles in stereoscopic environment and compare the performance to physical world by using direct reaching holding pointing sticks. Movement time, reaction time, correction time, and peak velocity of the velocity profile are used to assess performances. Considering the results of related studies, we expect that the motions are slower and less smooth in stereoscopic environment compared to real world. Understanding movement performances and behaviors depicted by the stereoscopic environment and then comparing it with the real world performances and movement behaviors, would help to explain the space perception issues reported in various studies (C. J. Lin & Woldegiorgis, 2015; Renner et al., 2013 ).
Method
Fifteen self-reported right-handed subjects who were naive to the objectives of the experiment, were recruited. All participants had normal or corrected to normal visual acuity and passed a stereo acuity test to take part in the experiment. The task for the stereoscopic conditions was developed in Unity 3D and the virtual targets were displayed using a 3D projector. Subjects sat at fixed distance from the widescreen and wore wireless NVIDIA 3D glasses to view virtual objects. For real target condition, three green light-weighted Styrofoam balls were presented (one at a time) at different depth and frontal plane positions. Motive: Tracker (version 1.7), was connected to a motion capture system composed of six Optitrack infrared cameras that tracked the reflective 3D markers attached to the pointing stick tips. The motion system captures data at a rate of 120 frames per second. Participants should put their head on a chinrest to restrict major head movements, to enhance stability of viewing posture, and maintain intended viewing angles.
Calibration of target size based on depth, position of projector, and field of view information from Unity 3D was made by measuring and adjusting the size of virtual object while displayed on the screen.
Three-dimensional data recorded by the motion capture system was used to compute distance between two successive samples and the velocity. The velocity data was then filtered using a dual-pass Butterworth, 5th order digital filter with a cutoff frequency of 7 Hz for the low-pass filter (Lee et al., 2013) . In this study, the performance measures to evaluate and compare the real and stereoscopic conditions include movement time (MT) and corresponding movement strategies. The effective movement time for each trial was calculated by excluding the reaction and confirmation phases from the velocity data. Reaction time (initiation phase) was defined, in this study, by identifying the time frame at which the velocity exceeds 7 % (Thompson et al., 2007) of the peak velocity (PV). Similarly, the confirmation (CT) or verification (a.k.a correction time) was the time at which the velocity drops below 7 % of the peak. The RT and CT were then used to evaluate the behavior of pointing under the different experimental conditions. Furthermore, PV was computed.
Two environments (real and stereoscopic), two response methods (vision based and memory based), three parallax (65 cm, 100 cm, and 150 cm from observer), and nine positions were randomly combined, all used as a within-subjects factors. In order to minimize the possible effects of practice or fatigue, eight of the participants started with stereoscopic environment and the rest (seven) did the real world condition first. Then the position was completely randomized for the selected environment, response technique, and parallax combinations. Therefore, a repeated measures design was employed for which each participant had to complete all 108 unique trials.
Results and Discussion
The overall result showed that the movement time in stereoscopic (M = 3.24 sec, SD = 1.23) was significantly longer (F1, 14 = 10.43, p = 0.006) than that in the real world (M = 2.55 sec, SD = 0.87). The environment also induced significant difference on CT (F1, 14 = 13.34, p = 0.003), with faster decision making to conclude the movement in real environment compared to that in stereoscopic displays. However, the difference in initiation of movement (RT), between real and stereoscopic environments was not significant (F1, 14 = 0.018, p = 0.896). Furthermore, it can be generalized that the profile representative to the movement in this study (in both the real and stereoscopic environments) had only one peak velocity since the subsequent local peaks did not exist or were very small, if any -as shown in Figure 1 . The study compared the two environments with respect to movement behaviors. The result revealed that the two environments are different with respect to two main factors; overall movement time and confirmation time. Movement time was observed to be shorter in real environment. The result was supported by our hypothesis, that tasks in stereoscopic environment were generally more difficult and then might need more time to complete. This could be because of two major reasons. The first one is associated with perception related issues. In immersive widescreen stereoscopic displays, previous studies found overestimations in negative parallax and underestimations in positive parallax conditions (Alexandrova et al., 2010; Gerd Bruder et al., 2016; G. Bruder et al., 2015) . Our experiment, which is conducted only in the negative parallax of projection-based stereoscopic display found predominantly overestimations of the egocentric distance. If the judgment exaggerates, therefore, participants had to make the extra distance than in the physical environment that would cause increase in overall movement time. The second reason could be because of the difficulty of decision making on the accurate position of the virtual object. Some subjects reported that it was relatively difficult to know the exact position of the virtual target as they felt like it was moving when approached. This argument can also be strengthened by the result from the confirmation (verification) time. Despite the fact that the confirmation phase was initiated faster in stereoscopic display condition, it took too long to reach the final decision which might be because of the required but slow correction movements. This might be interpreted as the movement in stereoscopic displays was not as easy as the users think when they initiated the movement.
On the other hand, reaction time and peak velocity were not affected by the main effect of environment. It means that the difficulty of decision making to initiate movements was equal. However we expected difference because of the anticipated difficulty associated to virtual environment, our hypothesis based on previous studies was not supported by the result. Generally, the direct pointing by holding a stick that was used in this study could be one of the reasons for the comparable performances, which emphasizes the positive futures of more natural interactions. The findings of Camporesi and Kallmann (2016) who found better accuracy of direct interactions in 3D environments supported the claim. The movement behavior depicted in both environments was also similar, greatly characterized by only one peak.
Conclusion
The real environment showed an overall superiority over the projection-based stereoscopic environment; the former with shorter movement time and shorter confirmation phase. The findings of this study present important guidelines for developers and human-virtual reality interface designers.
Based on the outcome of our experiment, we suggest developers to consider direct user interaction by pointing in a widescreen stereoscopic displays with small cost of movement time.
